We theoretically investigated a polyethylene-based rectangular and guided mode resonance (GMR) structure with a circular pattern by using the finite-difference time-domain (FDTD) method in the terahertz region. As the refractive index of the grating decreased, the resonance frequency increased, and the Q-factor significantly increased because of the change in the effective refractive index. In addition, GMR was investigated with a sensing layer for sensing applications. The resonance frequency and Q-factor could be perfectly modulated by varying the complex refractive index and thickness of the sensing layer. These results indicate that GMR could be applied to highly sensitive label-free detection, using low-cost GMR sensing platforms based on dielectric materials. sensitive and low-cost sensing platforms. We focus on dielectric materials based on a freestanding GMR sensing platform and modulate the structural geometry and the refractive index of the grating layer. Accordingly, we propose an inexpensive freestanding THz GMR sensing device with a high-quality factor (Q-factor) for various biochemical-sensing applications.
Introduction
The guided mode resonance (GMR) is a unique resonant phenomenon in which incident waves on a diffraction grating layer are diffracted and converted into a leaky guided mode, depending on conditions such as the wavelength of incident light, incident angle, waveguide thickness, and effective refractive index. Hence, when the conditions are optimized as per the GMR peak, highly resolved resonant peaks and high efficiencies can be achieved. Moreover, depending on the type of GMR sensor, the sensitivity and spectral dynamic ranges of the sensor can be easily customized by controlling the refractive index of the grating and waveguide layers, as determined by the requirements of the applications. Based on these properties, GMR devices have been widely studied for label-free sensing [1] [2] [3] , optical band pass filters [4] [5] [6] , and communication [7] .
Recently, GMR devices operating at the terahertz (THz) frequency have received much attention for THz bandpass filters [8, 9] and biological-or chemical-sensing applications [10] because a GMR device in the THz range has many advantages. For example, various conformational energies of biochemical sensing molecules can be traced to a specific GMR peak design, based on their fingerprint patterns in the THz region, which can be determined by inter-and intra-molecular energies of rotational and vibrational modes in those frequency ranges. Thus, the molecular dynamics of proteins and drugs and the sensing mechanism of target molecules have been successfully investigated in this range [11] [12] [13] [14] [15] [16] . Second, because of the long wavelengths of THz waves, the GMR sensor can be easily designed and manufactured by using inexpensive processing equipment, compared with those at other frequency ranges, such as visible or infrared. As a result, low-cost and highly sensitive devices based on the GMR sensing platform in the THz range can be applied to various smart packaging fields.
Here, we report on the theoretical simulation of the GMR device in the THz region, using a finite-difference time-domain (FDTD) method to investigate its sensing properties toward highly
Simulation Method
When incident waves are propagated and reflected by the GMR structure via normal incidence, the waves can be scattered because of the high refractive index of the grating layer. Subsequently, the incident waves are coupled to the leaky mode and propagated through the waveguide layer under resonance conditions [17] [18] [19] [20] . Generally, the grating and waveguide layers can have different refractive indices to satisfy the GMR condition. The schematic details are shown in Figure 1 . Particularly, from the effective medium theory, the grating layer in the GMR structure has the following effective refractive index [10, 21] :
where n H and n L are the respective refractive indexes of the grating region and air, and F indicates the filling factor, which can be defined as the ratio of the length of grating particles to the period, Λ. Figure 1 shows the simulated geometry of the GMR structure in our studies. The symbols d g and d wg denote the thicknesses of the grating and waveguide layers, respectively. We extracted the spectrum of the GMR structure in the range from 700 to 1000 GHz for all results, using a commercial FDTD program, where the periodic boundary condition used for the horizontal direction is shown in Figure 1 , and the perfect matched layer boundary condition was used for the vertical direction. In our FDTD simulation, the unit cell was periodically extended in one-dimensional direction on the surface. The refractive index of the substrate was assigned a constant value of 1.52, which is the same as that of polyethylene. The absorption coefficient of polyethylene is significantly lower than that of other polymers [22] . The thickness of the grating layer was set to 0.1 mm, and the waveguide was considered to have a thickness of 0.279 mm. In addition, the width of the grating layer depended on the filling factor and the period. The input THz waves were set to TM (Transverse Magnetic) mode plane waves, and all the simulated results were obtained through reflectance mode detection.
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where nH and nL are the respective refractive indexes of the grating region and air, and F indicates the filling factor, which can be defined as the ratio of the length of grating particles to the period, Λ. Figure 1 shows the simulated geometry of the GMR structure in our studies. The symbols dg and dwg denote the thicknesses of the grating and waveguide layers, respectively. We extracted the spectrum of the GMR structure in the range from 700 to 1000 GHz for all results, using a commercial FDTD program, where the periodic boundary condition used for the horizontal direction is shown in Figure  1 , and the perfect matched layer boundary condition was used for the vertical direction. In our FDTD simulation, the unit cell was periodically extended in one-dimensional direction on the surface. The refractive index of the substrate was assigned a constant value of 1.52, which is the same as that of polyethylene. The absorption coefficient of polyethylene is significantly lower than that of other polymers [22] . The thickness of the grating layer was set to 0.1 mm, and the waveguide was considered to have a thickness of 0.279 mm. In addition, the width of the grating layer depended on the filling factor and the period. The input THz waves were set to TM (Transverse Magnetic) mode plane waves, and all the simulated results were obtained through reflectance mode detection. Figure 2 shows the results of the simulation on the freestanding GMR device under variations in the refractive index of the rectangular grating. As can be seen in Figure 2a , because of the same refractive index of the substrate, we changed the refractive index (n eff ) of the grating layer from 1.55 to 2.05, with the filling factor, F = 0.25. Thus, as the refractive index of the grating was increased, the resonance frequency was red shifted. In our previous study, a model for the wavelength sensitivity of GMR structures was proposed [23] . When the incident waves pass through a grating layer, the equation for the diffraction grating becomes [24] the following:
Results and Discussion
where Λ is the grating period, θ d is the diffraction angle, θ i is the incident angle, and m g is the order of the diffracted wave, respectively. Under the conditions used in our simulation, n L equals 1, and θ i equals 0, because light is considered to pass through free space with normal incidence. As the refractive index of the grating layer changes, n eff also varies and vice versa. As a result, the resonance frequency can be shifted. Moreover, when n eff decreases, the quality factor (Q-factor) increases dramatically. As shown in Figure 2b , the Q-factor at n eff = 1.55 is almost seven times higher than 2.05.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 8 Figure 2 shows the results of the simulation on the freestanding GMR device under variations in the refractive index of the rectangular grating. As can be seen in Figure 2a , because of the same refractive index of the substrate, we changed the refractive index (neff) of the grating layer from 1.55 to 2.05, with the filling factor, F = 0.25. Thus, as the refractive index of the grating was increased, the resonance frequency was red shifted. In our previous study, a model for the wavelength sensitivity of GMR structures was proposed [23] . When the incident waves pass through a grating layer, the equation for the diffraction grating becomes [24] the following:
where Λ is the grating period, θd is the diffraction angle, θi is the incident angle, and mg is the order of the diffracted wave, respectively. Under the conditions used in our simulation, nL equals 1, and θi equals 0, because light is considered to pass through free space with normal incidence. As the refractive index of the grating layer changes, neff also varies and vice versa. As a result, the resonance frequency can be shifted. Moreover, when neff decreases, the quality factor (Q-factor) increases dramatically. As shown in Figure 2b , the Q-factor at neff = 1.55 is almost seven times higher than 2.05. Thereafter, we calculated the reflectance of the GMR structure by varying the filling factor of the grating, as shown in Figure 3a . Thereafter, we calculated the reflectance of the GMR structure by varying the filling factor of the grating, as shown in Figure 3a .
where Λ is the grating period, θd is the diffraction angle, θi is the incident angle, and mg is the order of the diffracted wave, respectively. Under the conditions used in our simulation, nL equals 1, and θi equals 0, because light is considered to pass through free space with normal incidence. As the refractive index of the grating layer changes, neff also varies and vice versa. As a result, the resonance frequency can be shifted. Moreover, when neff decreases, the quality factor (Q-factor) increases dramatically. As shown in Figure 2b , the Q-factor at neff = 1.55 is almost seven times higher than 2.05. Thereafter, we calculated the reflectance of the GMR structure by varying the filling factor of the grating, as shown in Figure 3a . Figure 3 shows the results of the simulation under varying grating size (n eff = 2.05). As the filling factor decreased, which denotes a decreased grating size, the resonance frequency shifted to a higher frequency. Furthermore, the Q-factor increased from 28 to 194. For both the resonance peak and Q-factor, the resonance frequency showed almost a linear relation with refractive index and grating size. However, the Q-factor indicated a slightly different trend, i.e., a nonlinear relation, compared with the resonance-frequency variation. This is because the Q-factor is more applicable to the sensitive detection of such materials than the frequency change.
GMR structures usually have a rectangular grating layer; otherwise, spherically shaped structures can be applied as the grating layer. To realize the spherically shaped grating for the GMR structure, the spherical particle should be embedded in the waveguide or sensing layers. This is because the particles cannot firmly lie at the top of the waveguide. Shin et al. demonstrated a GMR sensor for humidity, using a spherically shaped GMR device [10] . In this study, ZrO 2 particles, which are spherically shaped particles, were adopted for the grating layer, and good experimental results were reported when compared with the theoretical results. Thus, we calculated the THz spectrum of the GMR structure with a circular pattern, as shown in Figure 1b . Figures 4 and 5 show the THz spectrum of the GMR structure, with the circular pattern with the dependency on the refractive index and size of the grating layer. The figures indicate that the spectral trends of the GMR structure with a circular pattern were similar to those of the rectangular-shaped GMR structure. However, as the refractive index decreased, the resonance frequency changed from 860 to 910 GHz. The rate of change with the circular-shaped GMR structure was greater than that with the rectangular pattern. In addition, the Q-factor was significantly sharpened. This variation was well observed in the results that were obtained by varying the grating size. When the filling factor decreased, the resonance frequency was blue shifted from 844 to 912 GHz, and the Q-factor significantly increased to almost 700. By modulating the refractive index and the grating size, the resonance peak and Q-factor can be modulated perfectly. In particular, broad resonance-frequency modulation and very high Q-factors can be achieved by using the GMR structure with the circular shape. Consequently, our simulated results can provide highly sensitive and low-cost biochemical sensing platforms, using the GMR device.
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Conclusions
In this study, we observed and calculated GMR devices based on dielectric materials, and determined the effective refractive index of the structure, depending on the refractive index and the size of the grating layer for two grating patterns-rectangular and circular. The simulated results of the shift in the resonance peak and Q-factor were very well explained based on the changes in the effective refractive index of the GMR structure. In the case of the circular-shaped GMR structure, the resonance peak was demonstrated to have a wide range of variation and extremely high Q-factor, depending on the grating size, compared with those for the rectangular shaped GMR. These simulated results consequently indicate that highly sensitive and low-cost dielectric biochemical sensing platforms can be fabricated by using our GMR sensing devices. The variation in the absorption coefficients of the sensing layer was calculated from 0 to 0.1, where the thickness was 10 µm; the real part of the refractive index was 1.45 for the GMR device, as shown in Figure 8 . Interestingly, the resonance frequency was not changed as the absorption coefficient of the layer increased. However, variation in the absorption coefficient dramatically changed the Q-factor of the GMR device, indicating that when the absorption coefficient of the sensing materials is high in the THz region, then GMR with a high Q-factor can be applied for highly sensitive detection.
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